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ABSTRACT  % 

The  reaction  kinetics  and  structures  of  the  alloy/oxide  composite  system  i 

were  determined  for  martensitic  and  several  Widmanstatten-structured  alloys 

oxidized  at  300*,  400°,  and  500*C  in  oxygen  at  1  atm  pressure.  At  300*  and  i 

400*C,  there  was  little  difference  between  the  oxidation  rates  of  the  differ¬ 
ently  structured  alloys  in  the  early  stages  of  the  reaction.  Prolonged  ex¬ 
posures  illustrated  the  occurrence  of  two  limiting  oxidation  curves:  marten-  ■, 

sitic  specimens  oxidized  most  rapidly,  the  oxidation  rate  decreasing  until  a 

transition  range  was  attained  in  which  the  rate  subsequently  increased  to  a  j 

maximum  value  associated  with  linear  kinetics;  on  the  other  hand,  Widmsn-  ; 

statten-structured  specimens  containing  equilibrium  amounts  of  proeuiectoid 
alpha-zirconium  from  the  quench  temperature  oxidized  most  slowly,  the  ini¬ 
tial  decreasing  oxidation  rates  Anally  approximating  to  linear  kinetics  at  long 
exposures.  Specimens  containing  intermediate  amounts  of  proeutectoid  alpha- 
zirconium  oxidized  at  rates  between  these  two  limiting  cases.  At  500°C,  the 
initial  oxidation  rates  for  all  alloys  approximated  to  parabolic  kinetics,  the 
reaction  rate  consta,  ts  being  directly  dependent  on  the  volume  fractions  of 
martensite.  The  oxide  was  cracked  in  tne  range  of  linear  kinetics,  but  the 
role  of  the  Aim  as  a  barrier  to  oxidation  could  not  be  determined.  The  for¬ 
mation  of  oxide  pustules  on  martensitic  specimens  was  the  only  distinct  fea¬ 
ture  indicating  a  difference  in  the  mode  of  oxide  formation  on  differently 
structured  alloys.  The  major  product  of  the  reaction  at  all  temperatures  ir¬ 
respective  of  alloy  structure  was  an  oxide  whose  structure  could  be  indexed  as 
monoclinic  zirconia. 


Zirconium- niobium  alloys  containing  2-3  w/o  nio¬ 
bium  are  being  utilized  in  nuclear  reactor  technology 
for  their  desirable  mechanical  and  low  neutron  ab¬ 
sorption  properties.  A  primary  disadvantage  of  poor 
corrosion  resistance  for  alloys  in  an  appropriate  mar¬ 
tensitic  structure  for  optimum  mechanical  behavior 
has  been  largely  overcome  by  cold-working  and  tem¬ 
pering  treatments.  Dawson  (1)  has  presented  a  review 
of  the  literature  on  this  subject.  Although  there  are 
many  observations  on  the  beneAcial  effects  of  tem¬ 
pering  on  decreasing  the  corrosion  rates  of  dilute  al¬ 
loys  in  steam,  air,  and  carbon  dioxide  atmospheres, 
studies  have  not  been  attempted  of  structural  effects 
from  a  fundamental  viewpoint.  In  this  investigation, 
results  are  reported  for  the  oxidation  properties  of  a 
Zr-2.7  w/o  Nb  alloy  in  both  martensitic  and  Widman¬ 
statten  structures  exposed  to  pure  oxygen  at  tempera¬ 
tures  in  the  range  300'-B00*C.  Alloys  of  these  struc¬ 
tures  could  be  readily  obtained  by  vacuum  annealing 


followed  by  quenching  from  temperatures  in  the  p 
solid  solution  and  in  the  p  +  a  phase  regions  selected 
from  the  binary  phase  diagram  (2,  3). 

Experimental 

The  material  was  a  zirconium-2.7  w/o  niobium 
alloy  received  as  2  mm  thick  sheet.  Analyses  for  im¬ 
purities  are  presented  in  Table  I.  Specimens  approx¬ 
imately  1  cm*  were  cut  from  this  sheet  and  subjected 
to  an  appropriate  annealing  and  quenching  treatment. 
Several  specimens  of  the  above  dimensions  were  re¬ 
ceived  already  in  a  martensitic  structure  following  a 
vacuum  anneal  at  MO'C  for  10  min  before  water 
quenching.  They  were  prepared  directly  for  oxidation 
tests. 

Specimens  were  prepared  by  annealing  and  quench¬ 
ing  in  an  all-metal  system  capable  of  maintaining  a 
vacuum  of  10~*  Torr.  In  order  to  minimize  contam¬ 
ination  from  residual  gas,  specimens  were  wrapped  in 
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Table  I.  Anolysii  of  impurity  content  of  Zr-2.7  %  Nb 


Element 

ppm  <m*x) 

Element 

ppm  (max) 

A! 

S3 

Mo 

<10 

8 

<0J 

N 

14 

C 

100 

N1 

SO 

Cd 

<0.3 

O 

1100 

Co 

<8 

Pb 

<8 

Cr 

30 

81 

100 

Cu 

38 

Sn 

<100 

re 

880 

To 

<100 

K 

S 

Tl 

10 

HI 

78 

V 

<8 

Mg 

<10 

w 

<18 

Mn 

<10 

Zn 

<80 

platinum  (oil.  In  all  cases,  heat-treatments  were  car¬ 
ried  out  by  raising  the  furnace  already  at  1000 aC  over 
the  annealing  tube  containing  the  specimen.  The  speci¬ 
men  was  held  at  this  0-solution  temperature  of  the 
alloy  (or  1  hr,  and,  if  the  structure  required  was  that 
of  full  martensite,  it  was  then  quenched  into  oil. 
Specimens  were  also  quenched  from  800*C,  in  which 
cases  a  specimen  was  furnace  cooled  from  1000*  to 
800 ‘C,  held  at  this  temperature  for  a  predetermined 
time,  then  quenched  into  oiL 

The  surfaces  of  specimens  were  prepared  by  abra¬ 
sion  on  SiC  papers  from  240  through  600  mesh  grit 
under  water  followed  by  polishing  for  several  hours 
on  napped  cloths,  impregnated  with  6  and  1m  diamond 
paste,  respectively,  and  lubricated  with  kerosene.  Fi¬ 
nal  polishing  was  obtained  with  a  vibratory  polisher 
using  a  suspension  of  0.3m  alumina  powder  suspended 
in  water.  In  addition,  several  specific  preparations  in¬ 
volving  chemical  etching  and  different  types  of  abra¬ 
sion  treatments  were  employed  to  determine  possible 
effects  of  surface  preparation  on  the  oxidation  kinetics. 

Oxidation  kinetic  experiments  were  carried  out 
using  a  vacuum  microbalance  apparatus  (4).  These 
results  were  supplemented  by  a  series  of  experiments 
in  which  the  specimens  were  intermittently  removed 
for  weighing  from  a  quartz  reaction  tube.  Furnaces 
were  controlled  to  ±2*C,  and  the  oxygen  pressure 
during  reaction  was  1  atm.  Medical  grade  oxygen  was 
used  which  was  purified  by  passage  through  cupric 
oxide,  phosphorous  pentoxide,  Linde  5A  molecular 
sieves,  and  a  trap  immersed  in  solid  carbon  dioxide 
to  remove  traces  of  hydrogen,  water  vapor,  carbon 
monoxide,  and  carbon  dioxide. 

The  surfaces  of  oxidized  specimens  were  examined 
microscopically  and  subjected  to  nickel  filtered  copper 
radiation  with  a  recording  x-ray  diffractometer  in 
order  to  identify  oxide  constituents  in  the  scales.  Met- 
allographic  examinations  were  carried  out  on  speci¬ 
men  cross  sections  mounted  in  bakelite  (4).  In  some 
instances,  it  was  possible  to  delineate  the  structure  of 
two-phase  alloys  by  relief  polishing  without  etching. 
When  an  etchant  was  needed,  the  most  successful  was 
found  to  be  an  aqueous  solution  containing  30  v/o 
H2S04,  30  v/o  HNOj,  and  10  v/o  HF  at  a  temperature 
in  the  range  88*-  75*C.  The  volume  fraction  of  pro- 
eutectoid  a-Zr  in  a  two-phase  alloy  structure  was 
readily  determined  by  projecting  the  microstructure 
on  a  calibrated  objective  screen  of  the  microscope  at  a 
magnification  in  the  range  200-600X. 

Results 

In  order  to  determine  the  reproducibility  of  mea¬ 
surements  and  the  influence  of  surface  preparation  on 
the  reaction  rates,  several  specimens  were  prepared 
with  different  structures  and  surface  preparations 
for  oxidation  at  400*C  (Fig.  1).  Curves  (a)  and  (b) 
illustrate  the  oxidation  behavior  of  martensitic  speci¬ 
mens  subjected  to  metallographic  and  chemical  pol¬ 
ishes.  These  different  preparations  did  not  influence 
oxidation  at  long  exposures  since  the  rates  were  of 
the  same  magnitude  after  transition  to  linear  kinetics. 
In  the  early  stages  of  the  reaction,  a  correlation  was 
not  found  between  the  methods  of  surface  preparation 
due  to  the  irreproducibility  of  measurements.  How- 


F19.  I-  Oxidotion  of  Zr-2.7  w/o  Nb  alloy  at  400*C  in  oxygon 
at  I  atm  pressure.  (a)  anneal  10  min  at  9(0*C,  water-quenched, 
Hirfact  chemically  polished;  (b)  anneal  10  min  at  M0*C,  water- 
quenched,  surface  metallographicolly  polished;  (c)  anneal  1  hr  at 
1000‘C,  water-quenched,  surface  metallographically  polished;  (d) 
anneal  1  hr  at  1000<>C,  oil-quenched,  surface  metallographically 
polished;  (a)  and  (g)  anneal  1  hr  at  1000*C  and  1  hr  at  800°C, 
oil-quenched,  surface  polished  on  0.25m  diamond;  (f)  and  (h)  an¬ 
neal  1  hr  at  1000°C  and  1  hr  at  (00°C,  oil-quenched,  surface  pol¬ 
ished  on  0.3m  alumina. 


ever,  it  was  established  that  the  martensitic  specimens 
exhibited  oxidation  variations  dependent  upon  the 
heat  treatment  conditions.  This  is  illustrated  by  com¬ 
paring  the  curves  (b),  (c),  and  (d)  for  specimens 
quenched  into  water  after  vacuum  anneals  for  10 
min  at  980°  and  1  hr  at  1000°C  and  for  the  specimen 
wrapped  in  platinum  foil  and  quenched  into  oil  after 
a  vacuum  anneal  of  1  hr  at  1000°C,  respectively.  These 
oxidation  curves  are  of  the  same  form  with  the  latter 
specimen  exhibiting  the  slowest  rate.  This  behavior 
with  the  platinum-wrapped  specimen  would  be  asso¬ 
ciated  with  less  impurity  pickup  from  the  residual 
gas  or  the  slower  rate  of  cooling  during  quenching. 
Martensitic  specimens  used  in  this  investigation  were 
prepared  by  both  methods  and  are  specified  in  the 
results. 

Possible  effects  on  the  oxidation  rate  due  to  varia¬ 
tions  in  the  final  stage  of  mechanical  polishing  were 
also  investigated  by  oxidizing  Widmanstatten  struc¬ 
tured  specimens  from  the  same  batch  heat-treatment 
(Fig.  1).  Curves  (e)  and  (g)  were  obtained  from 
specimens  after  a  polish  with  0.25m  diamond  paste  on 
a  selvyt  cloth,  whereas,  curves  (f)  and  (h)  were  ob¬ 
tained  from  specimens  polished  on  a  vibratory  pol- 


Fig .  2.  Oxidation  of  Zr-2.7  w/o  Nb  allay  at  3Q0°C  in  oxygon  at 
I  atm  graswro.  Figures  In  parentheses  ara  approximate  saiamo 
fraction!  of  a-Zr  in  tba  alloys.  Martensitic  sgaciaiens  water - 
queacbed. 
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isher  using  a  suspension  of  0  3,.  alumina  in  water. 
Apparently,  the  oxidation  rate  is  not  influenced  by 
the  type  of  abrasive  employed  in  the  Anal  polishing 
stage. 

Typical  measurements  of  oxidation  rates  at  300*, 
■400*.  and  500*C  for  various  alloys  prepared  by  metal- 
lographic  polishing  are  shown  in  Fig.  2,  3,  and  4. 
Although  the  kinetics  were  characterized  by  a  certain 
degree  of  irreproducibility  in  the  initial  stages,  the 
iarge  variations  in  the  oxidation  rates  could  be  corre¬ 
lated  with  the  structures  of  the  specimens.  It  is  ap¬ 
parent  from  the  volume  fraction  of  a-Zr  in  the  alloy 
listed  with  each  kinetic  curve  that  the  oxidation  rates 
at  all  investigated  temperatures  decrease  with  in¬ 
creasing  amount  of  this  phase. 

Two  examples  of  specimen  microstructures  obtained 
by  quenching  from  800*  and  oxidized  at  400*C  are 
shown  in  Fig.  S.  If  the  anneal  was  carried  out  for 
only  S  min,  structures  containing  10-15  v/o  a-Zr  were 
obtained.  Upon  equilibrating  an  alloy  at  800'C,  the 
structure  would  contain  about  50  v/o  proeuiectoid 
a-Zr.  This  condition  was  found  after  an  anneal  for 
1  hr.  Specimens  containing  contents  of  this  phase  be¬ 
tween  these  two  extremes  were  obtained  by  annealing 
within  the  above  time  periods. 

The  topography  of  an  oxidized  specimen  was  de¬ 
pendent  on  the  alloy  structure,  the  reaction  temper¬ 
ature,  and  the  time  of  exposure.  A  martensitic  struc¬ 
tured  specimen,  oxidized  at  300*  or  400*C,  exhibited 
interference  colors  to  film  thicknesses  of  approxi¬ 
mately  2000A  with  color  tints  varying  from  grain  to 


Fit.  1-  Oxidaboa  of  Zr-2.7  v/a  Nb  alloy  at  400*C  in  oiygen  at 
1  aha  pvxMxrx.  Figaros  ia  paraatbosas  arc  approximato  relume  free- 
tieas  of  a-Zr  ia  the  allays.  Martensitic  specimens  water-quenched. 


Fig.  4.  Oxidation  of  Zr-2.7  */o  Nb  alloy  at  S00*C  in  oxygon  at 
I  atm  pressare.  Figures  in  parentheses  arc  approximate  volume 
fractions  of  a-Zr  in  the  alloys.  Martensitic  specimens  oil- 
quenched. 


Fig.  5.  Micros  tractates  of  two  specimens  quenched  from  800* 
and  oxidieed  at  400*C.  a  (top),  volume  fraction  of  proeutectoid 
a-Zr  —  15%;  b  (bottom),  volume  fraction  of  proeutectoid  a-Zr 
-  41%. 

grain.  At  about  the  time  of  transition  from  an  initial 
decreasing  rate  to  a  more  rapid  approximately  linear 
rate,  isolated  growths  of  pustular  shape  were  ob¬ 
served.  The  densities  of  these  pustules  varied  with  al¬ 
loy  grain  orientations  (Fig.  8a).  These  growths  spread 
with  lengthening  exposure  to  cover  most  of  the  sur¬ 
face,  although  complete  coverage  was  never  observed 
in  the  exposure  periods  of  the  present  experiments 
(Fig.  8b).  On  viewing  the  surface  of  a  pustule  at  high 
magnification,  fine  cracks  were  observed  which  ap¬ 
peared  to  emanate  from  the  tip.  These  pustules  pro¬ 
truding  above  the  main  oxide  surface  only  accounted 
for  a  relatively  small  amount  of  oxide  as  they  were 
not  observed  at  the  surface  of  metallographic  cross 
sections. 

Martensitic  specimens  oxidized  at  500  *C  did  not 
exhibit  pustules  even  at  brief  exposures  of  10  min. 
The  oxidized  specimens  exhibited  a  gray  rippled  sur¬ 
face  (Fig.  6c).  This  external  appearance  indicated 
that  a  very  large  number  of  small  pustules  had  formed 
in  close  proximity  without  a  large  degree  of  lateral 
growth  before  their  coalescence. 

Oxidation  of  an  alloy  obtained  by  quenching  from 
the  (a  +  0)  alloy  region  gave  rise  to  rates  of  film 
growth  dependen  the  phase  on  which  the  oxide 
was  growing.  The  growth  of  oxide  on  the  a-Zr  plate¬ 
lets  was  much  less  than  on  the  a'-Zr  regions.  For  the 
conditions  and  exposures  examined,  the  former  film 
never  exhibited  other  than  interference  colors.  The 
film  on  the  a'  structure  gave  rise  initially  to  interfer¬ 
ence  colors,  but  its  growth  rate  was  estimated  to  be 
at  least  triple  that  of  the  film  on  a-Zr.  The  film  even¬ 
tually  became  gray,  and  small  cracks  appeared  run¬ 
ning  parallel  to  the  direction  of  the  a-Zr  plates  (Fig. 
7a).  Eventually,  these  cracks  became  more  extensive 
and  developed  into  intricate  networks  (Fig.  7b).  Such 
observations  applied  to  all  specimens  in  this  alloy 
condition,  irrespective  of  the  reaction  temperature, 
when  reaction  had  proceeded  to  linear  kinetics.  No 
oxide  pustules  were  observed  at  any  time  for  this 
alloy  condition  by  light  microscopy. 

Cross  sections  of  all  oxidized  specimens  revealed 
an  uneven  metal/oxide  interface.  Martensitic-struc¬ 
tured  specimens  exposed  to  the  transition  range  for 
linear  kinetics  exhibited  fine  microscopic  irregularities 
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Fig.  i.  Topographies  of  oxidized  specimens  with  martensitic 
structure.  a  (top),  400  min  at  400*C,  oxygen  uptake  0.07  mg/cm2, 
magnification  1S0X;  b  (center),  1330  min  at  400’C,  oxygen  up¬ 
take  1.9  mg/cm3,  magnification  100X;  c  (bottom),  300  min  at 
500*C,  oxygen  uptake  0.1  mg/cm*;  magnification  1  SOX. 


and  also  much  larger  undulations  representing  areas, 
rather  than  points,  of  larger  oxide  penetration  (Fig. 
8a).  At  long  exposures,  the  larger  variations  a> .  ;st 
disappeared  to  leave  a  relatively  uniform  thick  scan 
containing  cracks,  many  of  which  appeared  to  follow 
the  contour  of  the  metai/oxide  interface  (Fig.  8b). 

The  topographical  observations  on  oxidized  speci¬ 
mens  in  the  two  phase  (a  +  a'  —  Zr)  structure  were 
confirmed  by  the  examinations  of  cross  sections  (Fig. 
9);  that  is,  the  rate  of  oxide  growth  was  greater  on 
the  a  structure.  This  behavior  was  most  vividly  illus¬ 
trated  by  specimens  exposed  for  long  times  at  300  *C 
where  the  oxide  formed  on  the  a'-regions  had  selec¬ 
tively  penetrated  to  the  extent  that  it  appeared  pinned 
by  the  unoxidized  *  plates  (Fig.  9a).  This  degree  of 
selective  penetration  became  less  pronounced  with 
increasing  temperature,  and  the  oxide  in  the  external 
film  appeared  less  cracked  at  the  highest  temperature 
of  500'C  (Fig  9c). 

Detailed  examination  of  the  metal/oxide  interface 
of  all  specimens  oxidized  for  relatively  long  time  peri¬ 
ods  demonstrated  that  localized  points  of  oxide  pene¬ 
tration  occurred  at  the  lines  of  martensitic  trans¬ 
formation  in  the  a'-Zr  microstructure.  This  is  illus¬ 
trated  by  the  etched  microstructure  of  the  martensitic 
alloy  (Fig.  10a).  and  by  the  Widmanstatten-structured 
alloys  (Fig  9a.  10b)  where  the  fine  degree  of  oxide 
penetrations  into  the  martensitic  structure  between 
the  «-Zr  plates  is  readily  apparent. 


Fig.  7.  Topographies  of  oxidized  specimens  with  Widmanstatten 
structure,  a  (top),  10,800  min  ot  300°C,  oxygen  uptake  0.09 
mg/cm2;  magnification  co.  680X;  b  (bottom),  485  min  ot  400”C, 
oxygen  uptake  0.5  mg/cm2;  magnification  co.  460X 


* 


Fig.  8.  Cross  sections  of  oxidised  specimens  with  marteasitk 
structures  a  (top),  1030  min  at  400*C,  eiygen  uptake  11  mg/ca^1, 
magnification  475X,  h  (bottom)  1380  min  at  500*C,  oxygen  up¬ 
take  2.0  mg/cm1,  magnification  47  iX 

X-ray  analyses  revealed  that  the  major  oxidation 
product  could  be  indexed  as  monoclinic  zirconia 
Occasionally  a  weak  reflection  was  observed  which 
could  be  interpreted  as  either  the  cubic  or  tetragonal 
form  of  zirconia.  Oxides  of  niobium  were  not  de¬ 
tected.  However,  the  technique  is  limited  and  mono¬ 
clinic  zirconia  may  not  be  the  only  reaction  product. 

Discussion 

An  attempt  has  been  made  to  elucidate  more  fully 
the  oxidation  mechanisms  of  a  Zr-Nb  alloy  by  deter- 
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Fig.  9.  Crow  lections  of  oxidized  tpecimeai  with  Widmanstatten 
structures.  a  (tip),  19,300  min  at  300*C,  oxygen  uptaka  0.23 
mg/cm2;  b  (center),  4(3  min  at  400*C,  oxygen  uptakt  0  3  mg/cm*; 
t  (bottom),  ISO  min  at  500*C,  oxygon  uptake  0.5  mg/cmJ.  Meg- 
nifkation  673X 


mining  the  effects  of  alloy  structures  on  the  oxidation 
kinetics.  The  results  available  at  300'  and  400 'C 
(Fig.  2  and  3)  gave  two  limiting  oxidation  curves 
for  the  alloy  under  examination.  A  distinct  transition 
was  shown  in  the  oxidation  curves  of  the  martensitic 
alloy,  prepared  by  quenching  from  a  3-solid  solution 
temperature.  The  rate  decreased  until  a  transition 
range  was  attained  in  which  the  rate  increased  again 
to  a  maximum  value  associated  with  approximately 
linear  kinetics.  The  other  limiting  oxidation  curve 
was  shown  by  alloys  with  Widmanstatten  structures 
produced  by  quenching  from  800*C  and  containing  ap¬ 
proximately  SO  v/o  proeutectoid  a-Zr.  the  equilibrium 
amount  for  this  temperature.  These  curves  exhibited 
a  decreasing  rate,  which,  in  the  later  stages,  approx¬ 
imated  to  linear  kinetics. 

In  the  early  stages  of  the  reaction  at  300’  and 
400*C.  there  was  little  difference  between  the  oxida¬ 
tion  rates  for  the  two  alloy  structures.  However,  the 
reaction  rate  at  long  times  of  a  Widmanstatten-struc¬ 
tured  alloy  was  much  less  than  the  linear  rate  of  the 
martensitic  alloy.  Specimens  with  intermediate 
amounts  of  proeutectoid  a-Zr  exhibited  oxidation 
rates  between  these  two  limiting  cases,  the  over-all 
rate  increasing  with  decreasing  amount  of  o-Zr. 

A  direct  relationship  between  the  matnitude  of  the 
reaction  kinetics  and  the  amount  of  a-Zr  in  an  alloy 
could  not  be  demonstrated  from  the  present  results 


Fig.  10.  Etcbad  structural  of  oxidized  specimens,  a  (top),  mar¬ 
tensitic  structure,  7130  min  at  300°C;  b  (bottom),  Widmanstatten 
structure,  4(3  min  at  400’C.  Magnificaion  67SX. 

at  300“  and  400°C.  In  the  initial  stages,  the  oxidr.tion 
rate  of  a’-Zr  was  at  least  three  times  faster  than  a-Zr, 
while  in  the  final  stages  of  the  exposures,  the  con¬ 
tribution  of  film  growth  on  the  a-Zr  plates  was  of 
minor  significance  to  the  over-all  film  growth.  More¬ 
over,  the  oxide  film  on  a’-Zr  at  long  exposures  was 
cracked  and  porous.  These  observations  suggest  that 
the  linear  oxidation  kinetics  at  300*  and  400*C  would 
be  largely  dependent  on  the  amount  of  a’-Zr  in  the 
alloy. 

Plots  of  the  linear  rate  constants  vs.  the  amount  of 
a’-Zr  are  shown  in  Fig.  11  and  12.  At  300*C,  the 
kinetic  curves  were  irregular  and  the  rate  constants 
Bre  only  approximations.  The  martensitic  specimens 
reacted  rapidly  at  this  temperature,  the  rate  decreas¬ 
ing  markedly  over  the  range  to  85  v/o  martensite. 
At  400 ’C.  the  decrease  in  rate  was  proportional  to 
the  amount  of  a’-Zr  from  full  to  approximately  80 
v/o  martensite  A  smaller  dependence  of  the  oxidation 
rate  on  the  contents  of  a’-Zr  less  than  80  v/o  appeared 
to  be  associated  with  the  morphological  development 
of  the  oxide  film. 

Chemical  composition  is  a  major  difference  between 
martensite  formed  by  quenching  from  1000*  and 
800*C.  a’-Zr  formed  under  the  latter  condition  would 
contain  twice  as  much  niobium.  At  small  niobium 
contents,  alloys  with  larger  niobium  concentration  ex¬ 
hibit  more  rapid  oxidation  (5,  8).  Thus,  a’-Zr  would 
possibly  oxidize  more  rapidly  in  the  specimens 
quenched  from  800’C.  The  observations  from  this  in¬ 
vestigation  do  not  support  this  consideration.  Accord¬ 
ingly,  any  variations  to  be  expected  from  increased 
niobium  concentration  in  the  martensitic  phase  were 
suppressed  by  possible  variations  in  the  structure  of 
this  phase  or  its  mechanism  it  oxidation  in  the  pres¬ 
ence  of  proeutectoid  a-Zr. 

It  has  been  shown  that  the  oxide  on  the  martensitic 
phase  was  subject  to  constraint  by  a-Zr  plates  and 
was  pinned  beneath  the  metal/oxide  interface,  Fig. 
9(a).  The  oxide  under  such  circumstances  was  lass 
porous  and  the  oxidation  rate  showed  a  smaller  de¬ 
pendence  on  the  amount  of  a’-Zr  at  percentages  less 
than  80  v/o  (Fig.  11  and  12).  Thus,  the  over-all  oxida¬ 
tion  rate  became  dependent  on  two  factors:  the 
amount  of  a'-Zr  nrd  the  penetration  depth  of  oxide 
into  the  metal.  With  low  percentages  of  proeutectoid 
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II-  12-  Plot  of  tiiwor  nidation  rate  constant!  >i.  emoont  of 
o'-Zr  afdOO'C. 

«-Zr.  this  Utter  factor  was  less  important,  and  the 
over-ti:  rate  varied  almost  linearly  with  the  amount 
of  martensite.  However,  at  large  percentages  of  the 
proeutectoid  phase,  oxide  on  martensite  penetrated 
selectively  between  plates  of  the  former  phase,  and 
the  oxidation  rate  was  much  slower  than  to  be  pre¬ 
dicted  by  c.  direct  proportionality  between  oxidation 
rate  and  amount  of  o*-Zr. 

Oxidation  curves  at  500 'C  did  not  exhibit  transi¬ 
tions  to  more  rapid  linear  kinetics  as  observed  at  the 
two  lower  temperatures.  Although  the  films  on  a-Zr 
were  characterized  by  interference  colors,  those  on 
the  o'-phase  were  invariably  gray  at  all  observed 
times  in  contrast  to  results  at  the  lowest  temperatures. 
Though  the  oxidation  properties  were  dependent  on 
alloy  structure  at  this  highest  temperature  employed, 
the  kinetics  could  be  represented  by  parabolic  plots 
for  reUtively  long  exposures  (Fig.  13).  Moreover,  a 
plot  of  the  parabolic  constants  vs.  the  amount  of 
V-Zr  demonstrated  a  direct  proportionality  from  full 
martensite  to  50  v/o  proeutectoid  n-Zr  (Fig.  14).  This 
behavior  appears  reasonable  since  pronounced  selec¬ 
tive  penetration  of  oxide  between  plates  of  this  phase 
did  not  occur  as  at  lower  temperatures.  Tempering  of 
martensite  occurs  at  this  temperature  and  o-Zr  would 
exhibit  a  larger  niobium  solubility.  The  influence  of 


TIME  tmm) 

fit.  II.  Oxidation  kinetics  at  300*C  ropmontod  by  parabolic 
plots. 


Fig.  14.  flat  of  parabolic  oxidation  rats  constants  vi.  amour 
of  o  -Zr  at  500’C. 

these  parameters  on  oxidation  processes  in  a  mariner 
not  understood  at  present  may  account  for  the  small*.- 
degree  of  selective  phase  oxidation. 

In  view  of  the  fact  that  the  form  of  the  oxidation 
curve  is  dependent  on  both  alloy  structure  and  tem¬ 
perature,  conclusions  drawn  from  comparisons  of  re¬ 
sults  obtained  under  different  exposure  conditions 
must  be  accepted  tentatively.  The  major  product  of 
the  reaction  of  all  temperatures.  Irrespective  of  alloy 
structure,  was  an  oxide  whose  structure  could  be  in¬ 
dexed  as  monoclinic  zirconia.  However,  it  is  interest¬ 
ing  to  compare  the  differences  in  surface  topography 
and  cross  sections  of  oxidized  specimens  (Fig.  6-9). 
At  500 ‘C  and  while  the  rate  curve  was  parabolic,  the 
gray  oxide  which  formed  did  not  exhibit  cracks  dis¬ 
tinguishable  by  light  microscopy.  The  oxidation  rate 
would  be  possibly  controlled  by  diffusion  processes 
in  the  oxide  film  during  this  stage  of  the  reaction. 
Cracking  of  such  oxide,  however,  was  noted  at  300’ 
and  400'C  for  all  alloys  in  early  periods  of  exposure 
at  small  film  thicknesses  and  parabolic  kinetics  were 
not  obeyed.  On  the  other  hand,  the  oxide  was  cracked 
in  the  range  of  approximately  linear  kinetics  at  all 
temperatures,  but  Its  role  as  a  barrier  to  oxidation 
could  not  be  interpreted  by  using  standard  metallo- 
graphic  technique*. 
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The  formation  of  oxide  pustules  was  the  only  dis¬ 
tinct  feature  indicating  a  difference  in  the  mode  of 
oxide  formation  on  different  structured  alloys.  The 
pustules,  moreover,  were  only  observed  at  the  tem¬ 
peratures  300'  and  400*C  on  martensitic  specimens 
and  appeared  on  the  surface  during  the  transition  to 
linear  kinetics.  These  specimens  were  the  only  ones 
to  exhibit  the  type  of  oxidation  curve  where  there  was 
a  very  pronounced  transformation  in  the  kinetics 
from  a  small  initial  rate  to  a  much  more  rapid  rate  at 
long  exposures.  This  behavior,  involving  pustule 
formation  and  cracking,  may  be  associated  with  inter¬ 
facial  stress  between  the  alloy  and  the  oxide  film.  At 
500*C,  such  stress  might  be  relieved  by  tempering 
of  the  alloy  at  the  reaction  temperature  and  thus 
allow  a  more  compact  film  to  form.  The  presence  of 
the  proeutectoid  «-Zr  plates  could  similarly  aid  stress 
relief  and  so  reduce  the  possibility  of  pustule  forma¬ 
tion,  but  no  substantiating  evidence  could  be  found  in 
the  present  results. 
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mid**  Nuclear  magnetic  resonance  analyses  were  car¬ 
ried  out  with  a  Varian  A-60  n.m.r.  spectrometer.  Ana¬ 
lytical  gas  chromatography  was  carried  out  with  a 
FfcM  Model  300  Gas  Chromatograph  with  3m,  V4  in. 
columns  packed  with  18%  Carbowax  20- 1%  AgNOi 
on  Chromosorb  W,  3%  XE-60  on  Teflon,  3**  Flexol 
8N8  on  Teflon  or  silicone  grease  on  Chromosorb  W 
Vpc  analyses  were  obtained  from  two  or  more  columns 
to  insure  the  identity  of  the  peaks. 

The  dimetV.y’, sulfoxide  (Matheson,  Coleman  1<  Bell) 
was  distilled  at  reduced  pressure  from  a  small  amount 
of  sodium  hydride,  bp  38* -80*  (S  mm).  The  dimethyl- 
formamlde  (DMF)  was  distilled  from  barium  oxid* 
before  use.  Styrene  (Eastman)  was  distilled  in  vacuo 
just  before  use  and  stabilized  with  hydroquinone. 
Tetra-n-butylammonium  bromide  (Eastman)  was  re- 
crystallized  from  ethyl  acetate  before  use.  Tetraethyl- 
ammonium  p-toluenesulfonate  (Ail red  Bader  Chemi¬ 
cal  Company)  was  recrystalliz'.*d  from  acetone. 

The  electrolytic  cell  used  for  macro  electrolyses  has 
been  described  (9).  The  cathode  potential  was  moni¬ 
tored  with  a  SCE  and  vacuum  tube  voltmeter.  The 
power  supply  was  a  Nobatron  RC150-7.5.  and  the  cell 
voltage  was  adjusted  so  that  the  cathode  potential  was 
near  the  first  wave,  half-wave  potential  of  the  com¬ 
pound  being  reduced.  The  cell  voltage  was  manually 
controlled  later  in  the  run  to  prevent  a  larg  •  rise  in 
cathode  potential.  The  electrolysis  was  stopped  when 
the  cathode  potential  would  no  longer  remain  near  the 
half-wave  potential  at  a  cell  current  of  0.23  amp  in¬ 
dicating  that  nearly  all  of  the  starting  material  had 
been  consumed.  An  Analytical  Instruments,  Inc.  cur¬ 
rent  integrator  was  used  to  determine  the  total 
amount  of  electricity  pasted. 

The  anolyte  in  each  case  was  a  solution  of  tetra- 
ethylammonium  p-toluenesulfonate  in  DMF.  Styrene 
was  present  in  the  catholyte  in  each  case  to  trap  reac¬ 
tive  intermediates 

Morroelectrolyiis  of  I — The  catholyte  consisted  of 
20  5g  (0.075  mole)  of  cyanomethyldimcthylsulfonium 
p-toluenesulfonate  ilO).  200  ml  of  DMF,  30g  of  tetra- 
ethylammonium  p-toluenesulfonate  and  30  ml  of  sty¬ 
rene  The  electrolysis  was  carried  out  at  10* - 15*.  1.0 
0  23  amp  and  a  cathode  voltage  of  —1.0  to  — l.lSv 
(  is  SCE).  The  total  quantity  of  electricity  was  0.096F 
After  the  electrolysis,  the  solvent  was  removed  from 
the  catholyte  by  distillation  at  red-.ed  pressure.  The 
strong  odor  of  dimethyl  sulfide  was  present.  Vpc 
analysis  of  the  distillate  showed  the  presence  of  2.l3g 
<70%  based  on  starting  material)  of  acetonitrile  The 
residue  after  solvent  removal  was  extracted  with 
ether.  The  residue  after  removal  of  the  ether  from  the 
ether  extract  contained  no  4-phenylbutyronitnle  by 
vpc  analysis  Traces  of  DMF  were  removed  from  the 

residue  by  aiiiilUiiun  ii  0  1  mm  leaving  i  black. 

gummy  residue 

A  second  electrolysis  of  I  was  earned  out  using  a 
glass  frit  divided  H  cell  with  a  20  ml  catholyte  capac¬ 
ity  The  cathode  was  a  2  cm  diameter  mercury  pool 
The  anode  was  platinum  foil.  The  catholyte  consisted 
of  19  ml  of  0915M  cyanomethyldimethylsulfomum 
p-toluenesulfonate  in  dimethylsulfoxide  The  anolyte 
consisted  of  27  ml  of  I M  tetra-n-butylammonium  bro¬ 
mide  in  dimethylsulfoxtde  and  13  ml  of  cyclohexane 
The  catholyte  was  deaerated  with  N;  before  the  elec¬ 
trolysis  and  then  was  sealed  The  anolyte  was  swept 
with  Nj  during  the  electrolysis  The  cathode  potential 
was  not  monitored  Only  a  thermometer  was  in  contact 
with  the  calhulylr  Te  catholyte  was  maintained  at 
20‘C  during  the  run  by  immersing  the  cell  in  an  ice- 
water  bath  The  electrolysis  was  carried  out  at  30-90 
ma  until  •  7  mF  of  current  was  passed.  After  the  elec¬ 
trolysis.  polarograp'  ic  analysis  of  the  catholyte  and 
anolyte’  indicated  133  mmoles  of  l  had  been  con¬ 
sumed  Vpc  analy  of  the  catholyte  showed  the  pres¬ 
ence  of  3  9  mmo  '  .  of  acetonitrile  <90**  yield  based 

*  A  «MU  tftWhl  *  I  Ka4  Won  >>» rH  to  hii.««llr  pe»i 


on  2  F/mole) 4  No  acetonitrile  was  detected  in  the 
anolyte. 

Macroelectrolyiis  of  11  —  The  catholyte  was  identical 
to  the  previous  run  except  that  the  sulfonium  salt 
(22g,  0.078  mole)  was  cyanoothyldimethylsulfonium 
p-toluenesulfonate  The  electrolysis  was  carried  out  at 
0*.  1.0-0.25  amp,  and  a  cathode  potential  of  —1.74  to 
—  1.89v  (v*.  SCE).1  The  total  quantity  of  electricity 
was  0  097F.  The  electrolysis  was  stopped  at  this  point 
because  more  than  IF  of  electricity  per  mole  tad  been 
passed,  and  it  was  suspected  that  II  had  been  decom¬ 
posed1  to  form  acrylonitrile,  the  reduction  of  which 
would  require  2F/mole.  The  workup  was  as  described 
for  the  previous  run  and  yielded  l.Og  (37%)  of  pro- 
pionitrile,  0.54g  (21.6%)  of  acrylonitrile  and  a  trace 
of  adiponitrile  (all  by  vpc  analysis).  No  5-phenyl- 
valeronitrile  or  mercurials  were  detected. 

A  second  electrolysis  was  carried  out  in  a  glass  frit 
divided  H-cell  with  a  mercury  pool  cathode  and 
platinum  foil  anode  The  catholyte  consisted  of  130  ml 
of  dimethylsulfoxide  containing  0.1M  tetra-n-butyl¬ 
ammonium  bromide,  40g  (0.14  mole)  of  dimethylcy- 
anoethylsulfonium  p-toluenesulfonate,  30  mi  of  sty¬ 
rene,  and  a  trace  of  hydroquinone.  The  anolyte  was 
dimethylsulfoxide  containing  0.1M  tetra-n-butylam¬ 
monium  bromide  and  saturated  with  cyclohexene  The 
cell  was  maintained  at  13*  by  a  water  bath.  The  elec¬ 
trolysis  was  carried  out  for  24.25  hr  with  a  cell  voltage 
of  150v,  a  curemt  of  0.2  amp,  and  at  a  cathode  poten¬ 
tial  of  — l.Bv  (vs  SCE).  A  total  of  0.167Fof  electricity 
was  passed.  The  cathode  potential  did  not  increase  as 
the  lF/moIe  of  II  point  was  passed,  and  it  was  again 
suspected  that  decomposition  of  II  had  occurred. 

After  the  electrolysis,  the  catholyte  was  evacuated 
to  30  mm  through  a  dry-ice.  acetone-cooled  trap  over¬ 
night.  The  trap  overnight  collected  about  1  ml  of  a 
mixture  of  acrylonitrile,  propionitrile,  and  dimethyl- 
sulfide. 

Attempts  to  get  a  quantitative  analysis  of  acrylo¬ 
nitrile  in  the  catholyte  by  vpc  analysis  were  futile  be¬ 
cause  II  decomposes  in  the  injection  port  to  form 
acrylonitrile.  Attempts  to  determine  the  amount  of 
acrylonitrile  present  in  the  catholyte  by  polarography 
were  also  unsuccessful  because  the  waves  of  it  and  II 
were  too  close  together. 

The  catholyte  was  then  mixed  with  500  ml  of  water, 
and  this  mixture  was  extracted  with  three  200- ml 
portions  of  ether.  The  combined  ether  extract  was 
back-extracted  with  water  and  dried  over  anhydrous 
magnesium  sulfate.  The  ether  solution  was  concen¬ 
trated  on  a  rotary  evaporator.  The  concentrated  solu¬ 
tion  was  cooled  in  dry-ice  whereupon  1.2g  (5.5%)  of 
biacyanoethylmercury.  mp  46*-48*  (17).  precipitated 

The  remainder  of  the  ether  was  stripped  from  the 
solution,  and  the  styrene  was  removed  at  reduced 
pressure  (0  3  mm)  The  residue  was  distilled  at  0  2  mm 
giving  a  single  cut  from  50*-80*  (2.0g)  Nmr  analysts 
of  this  indicated  l.Og  each  of  3-thiomethylpropiom- 
trik  (7.J%)  and  methylcyanoethyl  mercury  (53%) 
Vpc  analysis  of  the  pet  residue  which  contained  all 
the  hydroquinone  used  to  prevent  styrene  polymeriza¬ 
tion  showed  the  presence  of  0  0llg  of  5-phenyivalero- 
nitrile  (The  standard  sample  of  3-phenylvaleronitrile 
was  obtained  from  5- phenyl  valeric  acid  by  the  usual 
methods) 

The  mixture  of  3-methyilhiopropionitnle  and 
methylcyanoethyl  mercury  was  redistilled  tn  a  micro 
apparatus.  The  3-thiomethylpropionitrile  distilled  at 
S0*-40*  at  02  mm  Two  small  cuts  were  then  taken 
at  70’  and  71*.  The  first  was  used  for  r.mr  analysis  and 
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